achieved by exclusively using new antimicrobial agents, but instead from novel management modalities based on a more complete understanding of the disease process. Standard management of severe meningitis, especially with stupor and coma (Glasgow Coma Scale [GCS] score ≤ 8), rarely includes invasive measurement of ICP. To date, no guidelines exist regarding the use of ICP monitoring in this disease. Elevated ICP has been shown to be a poor prognostic indicator in meningitis, which suggests that ICP monitoring should be considered as an adjunct to therapy for patients. 21 Given the paradigm shift in acute neurology in the last decade along with the development of neurointensive care units, ICP monitoring should be considered in addition to the standard therapy of antibiotics and steroids. The purpose of this paper is to present a narrative review of the literature in an effort to better understand the pathophysiology of elevated ICP as well as the clinical impact of monitoring ICP in adults with infectious meningitis.
ance by limiting forces exerted by the bony skull and the opposing forces by intracranial contents, i.e., brain tissue, CSF, and cerebral blood. Normal values of ICP range between 5 and 15 mm Hg. Overall, an increase of the ICP may reduce the cerebral perfusion pressure (CPP = mean arterial pressure -ICP) leading to brain ischemia and infarction if not corrected in a timely manner. Pathogens reach the subarachnoid space (SAS) through the bloodstream or from contiguous sites (spread of infections) and penetrate the blood-brain barrier (BBB) through complex molecular and cellular mechanisms. Meningitis causes an imbalance between the water content of the brain parenchyma, CSF volume, and cerebral blood flow (CBF), resulting in an increase of ICP. 36, 38 Cerebral edema caused by inflammation as well as arterial dilation due to loss of autoregulation and CSF outflow impairment in the SAS are all integral factors in meningitis associated with intracranial hypertension (Fig. 1) . Additionally, thrombosis of the cerebral sinuses has been implicated in elevated ICP in both bacterial and viral infections.
14,43

Inflammation and BBB Disruption
Bacteria and bacteria cell wall products have been shown to cause a quantitative increase in the water content of the brain in experimental animals with meningitis.
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Although the pattern of injury in viral meningitis is believed to be similar, it differs with respect to the degree of parenchymal involment. 10, 13, 18, 35 Brain edema is shown to be a multifactorial process with cytotoxic, vasogenic, and interstitial forms contributing collectively toward raising the ICP (Fig. 1 ). Neutrophils that cross into the CSF from the bloodstream in response to inoculation release inflammatory cytokines (tumor necrosis factor [TNF], interleukin [IL]-1b, IL-6, IL-8), further stimulating the release of toxic oxygen metabolites as well as vasoactive lipid autacoids such as platelet activating factor, leukotrienes, and prostaglandins (PGs). 36, 43 A disruption in intercellular tight junctions in the cerebral microvessel endothelium occurs in response to these agents, resulting in damage to the BBB. This damage leads to a dramatic paracellular leakage of albumin and eventually vasogenic brain edema. These findings have been reported to be similar in the different types of bacterial meningitis (Streptococcus pneumoniae, Haemophilus influenzae, and Escherichia coli) in rat models. 36, 37, 40 Certain viral meningoencephalitis infections have a more complex mechanism of edema that stems from brainstem involvement (rhombencephalitis). For instance, autopsy studies on patients' brains with Nippah Valley encephalitis revealed disseminated microinfarctions secondary to vasculitis hemorrhage, suggesting a possible mechanism of elevated ICP.
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Loss of Autoregulation
The physiology of autoregulation is vaguely understood at the molecular level because of the complex phenomena regulating microvascular blood flow. The autoregulatory caliber changes in cerebral vessels are believed to be mediated by myogenic and metabolic mechanisms, which prevent small changes in systemic arterial pressure to affect the regional CBF. It has been previously shown that this regulatory mechanism is impaired in patients with meningitis. 27, 30, 31, 34, 47 Factors implicated in loss of autoregulation are inflammatory chemicals, reactive oxygen radicals, and disturbances in the balance of vasoactive agents such as PGs and nitric oxide (NO). For example, in a study that compared rats inoculated with S. pneumoniae or saline intracisternally, it was observed that autoregulation was disturbed as early as within 12 hours in all the infected samples. 30 This finding preceded the elevation in ICP by a few hours. Similar results were demonstrated in newborn piglets following inoculation of Group B Streptococci, resulting in impairment of the CBF autoregulation by means of upregulation of the NO synthase gene.
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Another study revealed a progressive increase in CBF and ICP at 1 and 6 hours after pneumococcal inoculation. 34 It is speculated that autoregulation is affected primarily by inflammatory cytokines, cyclooxygenase (COX)-derived vasoactive agents (PGs D2, E2, G2, and I2), TNF-a, and oxygen-derived free radicals.
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Hydrocephalus
CSF is produced in the choroid plexus in the lateral ventricles and flows through the third and fourth ventricles into the SAS and is finally absorbed by the arachnoid villi in the venous sinuses. In the setting of bacterial meningitis, the CSF outflow is impaired due to collection of exudative material in the SAS and blockage of arachnoid granulations, causing a communicating hydrocephalus. Animal studies have shown that when compared with controls, the maximal resistance to CSF outflow is markedly increased in acute pneumococcal meningitis, and similar observations, although to a lesser extent, have been reported when animals are infected with E. coli meningitis.
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The accumulation of fibrin, leukocytes, and eosinophilic debris in the subendothelial space along with the reduction in arachnoid vesicular transport is largely responsible for impairment of the valve-like absorptive mechanism of the arachnoid villi. It has also been shown that the impairment persists despite sterilization of CSF with antibiotics because of possible persistence of hydrocephalus-induced changes in the brain tissue and fibrosis in the SAS. 42 Although viral meningitis is not typically associated with acute hydrocephalus, animal studies revealed that viral pathogens selectively target ependymal and meningeal cells that can eventually lead to aqueductal stenosis later in the natural history of the disease. 16 Further studies are required to ascertain the disease processes involved in adult viral meningitis.
Clinical Relevance
Elevated ICP has been established as a poor prognostic factor in all neurological diseases and is the main focus of treatment in various neurological emergencies. The data highlighting the significance of ICP monitoring in the treatment of meningitis is limited to case reports and to nonrandomized studies. The most likely reason is that the majority of patients are managed in nonneurointensive care units, where the focus is systemic resuscitation rather than cerebral resuscitation. Elevated ICP is a major and common complication of meningitis irrespective of the offending pathogen. 12, 13 For instance, when defining intracranial hypertension as ICP ≥ 15 mm Hg, Rebaud et al. observed that 86% of the patients with acute viral meningoencephalitis suffered intracranial hypertension. 39 In another study, the incidence reported was higher among patients with severe bacterial meningitis (GCS score ≤ 8), wherein 93% of patients admitted to the neurointensive care unit developed intracranial hypertension. 21 Intracranial hypertension is not only limited to bacterial and viral infections, but also to parasitic and fungal pathogens, 4, 8, 29, 49 e.g., Cryptococcus is particularly notorious for causing intractable ICP requiring CSF drainage. 8, 23 Head CT is recommended in adults with suspected meningitis who present with focal neurological deficit or a decreased level of consciousness. However, many health care practitioners fail to realize that a head CT scan is insufficient to rule out elevated ICP. The failure to visualize brain edema on a CT scan in patients with meningitis has been reported in various studies. 15, 21, 41, 53 Recently, a Danish study reported clinical outcomes in 39 patients with severe bacterial meningitis (GCS score < 9) who received ICP monitoring, and the authors found no correlation between signs of elevated ICP on CT scans and ICP measurements, suggesting that ICP monitoring should be considered in all patients with severe meningitis regardless of CT findings. 20 Furthermore, ophthalmoscopy is not a reliable method to detect acute increases in ICP because papilledema requires several days to develop and is usually present when the ICP is greater than 20 mm Hg. With a normal CT scan, physicians may be falsely reassured to proceed with a lumbar puncture that would otherwise be contraindicated in the setting of an abnormal CT scan or elevated ICP. The implications of performing a lumbar puncture in this situation could be detrimental. In a series of 445 patients, brain herniation occurred in 19 patients (4.3%) with normal CT scans following lumbar puncture. Some of the episodes of herniation occurred as early as 3 hours after lumbar puncture. 41 In another study, lumbar puncture precipitated brain herniation in patients with elevated ICP minutes after the procedure. 15 Therefore, it can be argued that clinical signs of intracranial hypertension, especially in stuporous or comatose patients, should take precedence over CT findings in the immediate decision to initiate invasive ICP monitoring. 22, 53 In addition, patients presenting with a GCS score ≤ 8 have significantly higher mortality rates compared with patients with a GCS score ≥ 12, which is consistent with the fact that elevated ICP is more prevalent among patients with a lower GCS score. 11, 25, 32, 44, 52 ICP may vary considerably through the course of the disease and regular ICP monitoring in select cases has been linked to improved outcomes. In a recent retrospective study in Europe, Depreitere et al. evaluated clinical outcomes in 17 patients with severe bacterial meningitis whose ICP was monitored. 9 They found a significant correlation with the Glasgow Outcome Scale (GOS) score based on the highest documented ICP (r = -0.70, p < 0.01), the lowest documented CPP (r = 0.61, < 0.05), pupil re-
FIG. 1.
Overview of the pathophysiology of meningitis-associated intracranial hypertension. Toxin-mediated injury and inflammatory host reaction in response to meningeal pathogens result in a series of changes (often overlapping) to disrupt the BBB, loss of autoregulation, and CSF outflow. Thrombosis and venous congestion secondary to infectious vasculitis may contribute toward raised ICP.
activity before drain placement (r = 0.57, p < 0.05), and the number of episodes when CPP was < 50 mm Hg (r = -0.50, p < 0.05). Interestingly, the treatment decision was affected by ICP monitoring in all cases. These results confirmed that elevated ICP and low CPP are brain insults in the setting of bacterial meningitis and that ICP monitoring should be an adjunctive tool in the management of these patients. In a cohort of 15 patients in Sweden, Lindvall et al. reported significantly higher ICP among patients who died. 21 Another study showed similar improved outcomes by implementing ICP-targeted treatment in patients managed in a neurocritical care setting. 15 These findings established the basis for a larger intervention control study, wherein the authors compared 52 patients subjected to ICP-targeted treatment to 53 control cases treated with conventional intensive care. 13 These investigators showed that neurointensive treatment targeting ICP reduced the mortality rate at 2 months in the intervention group (10%) compared with the control group (30%), with a relative risk (RR) reduction of 68% (p < 0.05). Furthermore, the recovery in terms of GOS score and hearing ability were noticed in the intervention group with a 40% RR reduction of unfavorable outcomes (p < 0.05) on follow-up at 2 and 6 months. 13 Similarly, another group showed that early use of CSF diversion by means of a lumbar drain led to improved results. 1 The use of invasive monitoring has previously been shown to be safe in the pediatric population with meningitis 28 and is considered a safe practice in other neurological emergencies in adult patients. Although parenchymal monitors are more popular, plausible results can be anticipated with early use of external ventricular drains, which allow both continuous ICP monitoring and ease of immediate CSF evacuation in susceptible patients. The premise is that CSF diversion reduced excitotoxic elements and free radicals in the infected CSF and controlled ICP.
As previously discussed, the pathophysiology of intracranial hypertension in meningitis is complex and multifactorial. Inflammation, cerebral edema, and impaired cerebral autoregulation are all implicated in the disease pathogenesis. Multimodal monitors may be indicated to evaluate the neuronal metabolism to achieve adequate control. 12 For instance, Bordes et al. reported a case in which the craniectomy was guided by multimodal monitoring in a patient with elevated ICP whose CPP was maintained above 60 mm Hg, but microdialysis values were consistently abnormal, indicating metabolic crisis. 3 Similar cases have been reported in which the surgical decision has been accelerated by an accurate ICP evaluation based on multimodal cerebral monitoring. 2, 10, 45 Optimizing ICP alone may not be sufficient to improve the clinical outcome, as demonstrated in a recent clinical trial comparing ICP-targeted therapy (< 20 mm Hg) to CPP-targeted therapy (≥ 60 mm Hg) in pediatric patients with acute CNS infections. 19 The CPP-targeted therapy was associated with a lower mortality rate at 90-day postdischarge (primary outcome) compared with the ICP-alone strategy ( A summary of relevant studies/cases reporting ICP monitoring as part of the management of infectious meningitis can be found in Table 1 . A proposed flowchart model based on our literature review and management protocols at our institution is included for the triage of patients with meningitis and suspected intracranial hypertension (Fig. 2) .
FIG. 2.
Proposed flowchart for the use of ICP monitoring in patients with suspected intracranial hypertension associated with meningitis. In patients with deteriorating neurological examination, the decision to initiate ICP monitoring should take precedence over absent radiological evidence of increased ICP. *Management should be individualized, and overall it consists of hospitalization in the critical care unit and use of appropriate antimicrobial therapy. LP = lumbar puncture.
Conclusions
Meningitis is a serious infection that continues to be associated with a high mortality rate despite advancement of medical care and the administration of effective antibiotics. Improved outcomes in patients with meningitis cannot be merely expected from administering new antimicrobial agents but through improvements of other aspects of general medical management. We emphasize the need for robust studies addressing timely investigation and early initiation of ICP monitoring among patients with meningitis. Although clear indications for the timing of ICP monitoring and specific treatment thresholds for ICP are poorly defined, a high level of clinical suspicion must be heeded concerning CT scan findings in the decision-making process for invasive ICP monitoring. In addition, use of a CSF monitor as well as drainage (lumbar or ventricular) have been linked to markedly improved outcomes in several case series. In summary, the current body of knowledge is inconsistent with the management of meningitis, and there is no clear agreement among providers advocating for the placement of ICP monitors. The purpose of this review was to convey the significance of an ICP monitor to allow optimization of ICP and CPP. However, further investigation is required to determine the target therapy goals in addition to antibacterial therapy to improve neurological outcomes. We are currently planning a prospective study at our institution to compare the efficacy of different ICPtargeted treatment protocols.
